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1.0 INTRODUCTION

The purpose of this study is to determine the feasibility to communicate

tracking data by UQC underwater telephone to submarines operating within

the 3-D tracking areas _n Dabob Bay and Nanoose Bay. The ability to

communicate reliably and at a sufficient data rate depends upon three

factors. The first factor is the ability to reliably transmit sound from a

source, to a receiver. Assuming that the power level of the transmitter is

sufficient to produce an acceptable signal to noise ratio at the receiver,

the ability to transmit sound from one point to another depends mainly

upon the prevailing velocity profile and geometrical characteristics of the

sonar channel. The second factor is the arrival time difference between

a direct ray and other rays traveling paths different from the path of the

direct ray. This arrival time difference termed the "clear time window"

throughout t eport, represents the length of a message that can be

received with t interferance. Influencing the magnitude of the clear

time windows ar the position of the receiver relative to the source, the

velocity profile, bottom and surface loss, bottom depth and geormetrical

characteristics of the sonar channel. The third factor is the maximum

possible data rate. The data rate is determined by the available band-

width, clear time windows and total reverberation decay time.

This study is therefore concerned with the influence of the Dabob Bay and

Nanoose Bay sonar channels on the coverage radius of the UQC projectors,

on the multipath interference patterns which determine clear time windows

and on reverberation decay time.

Based upon data concerning the physical characteristics of Dabob Bay ,and

Nanoose Bay, the following topics are discussec:

Characteristics of the Dabob Bay Sonar Channel

In this section, the tracking area, channel depth, bottom and

surface loss coefficients and velocity profiles are discussed.
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Results of Curvilinear Ray Trace Programs for Dabob Bay

The velocity profiles are analyzed by curvilinear ray trace

programs to determine:

a. Effective coverage radius of UQC projectors

b. Limitations on beam patterns of projectors and receiver

hydrophones

c. Clear time windows

d. Reverberation decay time

e. Maximum data transmission rate

Characteristics of the Nanoose Ba- cnar Channel

In this section, the tracking area, channel depth, bottom and

surface loss coefficients and velocity profiles are discussed.

Analysis of Nanoose Bay Velocity Profiles

This section deals with the effective coverage radius of UQC

projectors based upon a statistical analysis of velocity profiles.

Results of Curvilinear Ray Trace Programs for Nanoose Bay

A velocity profile is analyzed by curvilinear ray trace programs

to determine:

a. Limitations o-' beam patterns of projectors and hydrophones

b. Clear tirae windows

c. Reverberation decay time

d. Maximum data transmission rate

Il-Z

Ii..



2. 0 SUMMARY

Data consisting of velocity profiles, bottom loss coefficients, and charts

of Dabob Bay and Nanoose Bay was analyzed to determine the feasibility

of communicating by UQO to submarines operating in the 3-D tracking

areas of both bays. The approach consisted of using curvilinear ray

trace programs and statistical analysis to analyze the velocity profiles and

determine effective radius of coverage for the UQC projectors and clear

time window zones.

From the analysis of four of the seven velocity profiles of Dabob Bay by

a curvilinear ray trace program, it was determined that restrictions must

be imposed' on the beam patterns of the UQO projectors and receive

hydrophones. The restriction is necessary to avoid multipath interference

zones where the arrival time difference between the direct ray and

interfering ray is less than 7 msec. The restriction consists of limiting

the beam pattern of the UQC projectors to a hemisphere looking upward

and the beam pattern of the receive hydrophones to a hemisphere looking

downward.

Further analysis has shown that with these beam pattern restrictions,

clear time windows in excess of 40 msec exist out to a range of 1700

yards from a UQO projector located in Dabcb Bay. However, because of

these beam pattern restrictions the effective radius of coverage per

projector at the maximum operating depth of 100 yards was found to be

IZ50 yards to 1750 yards depending upon the depth and location of the

projector. Because of the limited radius of coverage, four or five

projectors are needed in Dabob Bay to effectively cover the 3-D tracking

area.

Because of the similarity between the nine profiles obtained from Nanoose

Bay, only one profile was analyzed to determine the clear time window

zones. It was found that clear time windows in excess of 100 msec exist
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out to a rang(,, of Z800 yards from a UQO projector located in Nanoose Bay.

In order to obtain this clctr time window, it is necessary to impose the

same restrictions as in Dabob Bay on the beam patterns of the projectors

and hydrophones.

The velocity profiles for Nanoose Bay show an -almost ronstant positive

gradient from 600 feet to the 1320 foot bottom. It was therefore possible

to calculate without using a ray trace program, the effective coverage

radius per projector. At the maximum operating depth of 1000 feet in

Nanoose Bay, the effective covei age radius per projector was found to be

2600 yards. This figure is based upon a statistical analysis of the nine

profiles and represents a 987o confidence level. Since the analysis was

based upon velocity profile samples representing all seasons of the year,

it is expected that a maximum radius of coverage of 2600 yards is a good

estimate for all tin.es of the year. With a 2600 yard radius of coverage

per projector, five projectors are needed to effectively cover the 3-D

tracking area in Nanoose Bay.

Factors determining the rate at which data c-ri be transmitted through a

sonar channel are message length, and message repetition rate. Because

of the UQO 2800 Hz bandwidth, a bit length of 1 msec is possible in a FSK

system. With a clear time window of 40 msec in Dabob Bay and 100 msec

in Nanoose Bay, message lengths of 40 bits and 100 bits are possible in

Dabob Bay and Nanoose Bay, respectively. The factor which determines

message repetition rate is the reverberation decay time in the sonar

channel. This time could not be calculated due to limitations in the ray

trace programs and available data. An assumption of 600 msec for

reverberation decay time in Dabob Bay and one second for reverberation

decay time in Nanoose Bay is rnade for analytical purposes only.

Based upon the clear time windows determined by analysis and upon the

assumed reverberation decay times, a data rate of 67 bits per second is

feasible in Dabob Bay and 100 bits per second is feasible in Nanoose Bay.
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3.0 DABOB BAY

3.1 CHARACTERISTICS OF THE DABOB BAY SONAR CHANNEL

Figure I is a chart of the 3-1) tracking range in Dabob Bay. The tracking

area, formed by five hydrophones spaced 2000 yards apart on a line 200

yards east of the range center line, is approximately a rectangle 2600

yards wide and 10,500 yards long. The depth within the tracking area 'is

shall--)w, ranging from 30 yards along the perimeter to ZOO yards in the

center of the tracking area. Submarines in the tracking area during test

operations run at keel depths of 20 y:;Ards minimum (periscope depth) to

100 yards maximum. The communications system must maintain reliable

communications with a submarine operating any where within the tracking

area at normal depths. Communication projectors will be placed on or

near the bottom so that their mounting structures are not a hazard to

submarines. The number and placement of projectors to effectively

cover the required volume of water will be discussed in the following

S.. .. :c " Lf" ". . . .

Because of the shallow channel depth, most of the multipath interference

will be due to bottom and surface reflections. The relative intensity

between the reflected rays and direct rays depend upon the loss coef-

ficients of the bottom and surface and the difference in path lengthis.

Bottom loss data for Dabob Bay is shown in Table 1. Based upon the data

shown in Table 1, a bottom loss coefficient of 2 db was selected as

representative for Dabob Bay for all ray trace analysis. This coefficient

was selected since it represents the bottom loss at a grazing angle of 15

degrees to 20 degrees. Surface-bottom reflected rays at a 15 degree

grazing angle intersect direct rays at a range of 1700 yards to 2u,00 yards.

It will be shown 7n the next section that the maximum radius of coverage

of a UQC projector is around 1700 yards. Since the bottom loss increases

with grazing angle, the bottom loss coefficient of 15 degrees grazing

angle represents worst case out to ranges of 1700 yards. No surface loss

data was available for Dabob Bay. However, surface reflection losses

are dependent upon the frequency and grazing angle of the reflected wave
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and the sea surface roughness. Tests conducted by R. H. Adlington

(Reference 1) indicate that there is no loss of energy at a reflection at the

sea surface over grazing angles of 10 to 55 degrees in the frequency range

400 to 6400 Hz. Other tests conducted by Urick and Sax-on (Reference 2)

have shown an average surface reflection loss of 3 db at grazing angles

between 3 and 18 degrees at a frequency of 25 KHz. Since the UQC

carrier frequen.;y i3 in the range 8 to II KHz, a surface loss coefficient

of 1 db was selected for all ray trace analysis.

Seven velocity profiles of Dabob Bay were obtained by a Digital Oceano-

graphic Data Acquisition System IDODAS) which measures velocity to an

accuracy of hl. 65 fee per second. The velocity profiles are shown in

Figures 2 through 8. Each season of the year it ,epresented at least

once. The profiles vary too much in shape to allow any predictions as to

standard shape or worst case shape limits. For this reason, it is

necessary to run a ray trace analysis for each profile in orider to

determine sonar coverage and clear time window contours.

3.2 RESULTS OF CURVILINEAR RAY TRACES FOR DABOB BAY

Before any ray trace analysis was done, the measured velocity profiles

were converted to continuous gradient velocity profiles by means of a

Continuous Gradient Sound Velocity Curve Fitting Routine developed by

M. E. Scharer of Librascope (Reference 3). Ray traces were then

performed for the fx.tted velocity profiles by means of three ray trace

programs. The first program is the Curvilinear Profile Ray Trace

Program developed by M. E. Scharer (Reference 4) which traces -. ray

from an initial point and an initial depression angle, to a depth and range

where the propagation loss reaches a preassigned level. The second

program is a modification of the first and traces a ray to a point where it

changes direction in the vertical direction. This program is useful in

obtaining coverage of direct rays going in one direction. The third

program is also a modification of the first and prints out the intersection

points of two or more rays. Since the transit time and propagation loss of
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each ray is computed by the program, the arrival time difference and

relative intensity between the rays at an intersection point can be computed

to obtain clear time windows and relative intensity contours.

The results of Ray Trace Program #1 are shown in Figures 9 through 12

and indicate the multipath interference problem between direct and

refracted rays, between two refracted rays, and between bottom reflected

rays and direct rays. For example, in Figure 9, the arrival time difference

between the -5* refracted '.ay and the +1.50 direct ray, is 5 milliseconds.

i Figure 10 shows an arr,, Al time difference between the -6o refracted ray

and -4* direct ray of 1 millisecond and an arrival time difference between

the -3* and -2* refracted rays of 7 milliseconds. Figure 11 shows an

arrival time difference of 1 millisecond between the -8* and -7' refracted

rays, Figure 9 also shows an arrival time difference of 1 millisecond

between the +20 bottom reflected ray and the -l' direct ray. Time

differences this small create time dispersion of a communications signal

and cause garbling of the message. Therefore, restrictions on the beam

patterns of both projectors and receiving hydrophones are necessary to

avoid these short time difference interference zones. First, the receive

hydrophones on the submarines must have a beam pattern that receives

only upward traveling rays. Second, the beam pattern of the bottom

mounted projectors must be such that bottom reflected rays do not

intersect any direct upward going rays. With these restrictions placed

upon the beam patterns, the main source of multipath interference will

be a surface-bottom reflected ray with a direcý ray. Another source of

multipath interference is reflection from the walls of the Bay. However,

since the transit time of rays reflected from the Bay walls is much longer

than the transit. time of a surface-bottom reflected ray, the Bay wall

reflected rays will not determine clear window times. Instead, they will

be counted in the reverberation decay times.

Ray Trace Program #3 was used to compuve the arrival time differences

of direct rays and surface-bottom reflected rays (clear time window) for

six of the seven profiles with the projector ,ocated four yards from the
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bottom. For lack of better data the bottom was assumed to be flat. The
V results are shown in Figures 13 through 19. Figure 20 shows the overall

clear time window contours for the seven profiles. Since the clear time

window decreases with increasing receiver depth, the maximum operating

depth will represent the smallest clear time window. Thus at a depth of

100 yards, a clear time window of 30 msec or greater can be expected

out to ranges of 2150 yards, 40 msec or greater out to 1700 yards. Also

shown in Figure 20 is a 4 db contour. At ranges greater than the contour

the relative attenuation is less than4 db. This contour represents the

relative strength between the direct ray and surface-bottom reflected rays

and shows that the strength of the interfering ray is sufficient to garble a

message if the message is longer than the clear time window. A signal to

interference ratio of 15 db minimum is considered necessary to insure

reliable recention of a message. However, clear time windows of these

magnitudes will permit reliable communications of a suitable data rate.

The bandwidth of the UQC system is 2800 Hz. With this bandwidth it is

possible to use a FSK communications code with the two frequencies

spaced 1600 Hz apart and a bit length of 1 msec. Thus, 40 bits can be

transmitted in a 40 msec message. The message repetition rate depends

upon the total reverberation decay time in the sonar channel which is not

known exactly at the present time. The programs can trace rays reflected

from a sloping bottom, however, total reverberation decay time depends

upon reflections in three dimensions and cannot be handled by the existing,

programs. Assuming a reverberation decay time of 600 msec, a data

race of 67 bits per sec, nd is realizable in Dabob Bay. This assumption

is made for analytical purposes only.

Because of the restrictions placed upon the projector and hydrophone beam

patterns, direct ray coverage is .-he limiting factor in establishing the

reliability of communicationt, Figures 13 through 19 show upward going

direct ray coverage of depth vert kis range for profiles D-1 through D-7

with the projector located at a depth of . 96 yards (196 yards was chosen

because projectors are currently mounted four yards from the bottom).

The smallest coverage is shown in Figure 18 (Profile D-6) where the 0'
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ray crosses dhc 100 yard depth at 1750 y;,.ds range. Using 1750 yards as

the radius of coverage per projector, and allowing for sufficient overlap

to effectively cover the entire tracking area, four projectors are needed

to effectively communicate in the tracking area.

The chart of Dabob Bay is incomplete in that no depth contours are shown

between 120 yards and 200 yards. Thus it is highly probable that the

projectors will be placed on a slope rather than at the maximum bottom

depth of the channel. In this case the depth of the projectors will be less

than 196 yards. Figures 21 through 27 show direct upward going ray

coverage for the projectors located at a depth of 167 yards. The sma]lest

coverage again is due to velocity profile D-6 shown in Figure 26. The

zero degree ray crosses the 100 yard depth at a range of IZ50 yards.

With 1250 yards as the maximum radius of coverage per projector, five

projectors are required to cover the tracking area.

3-5
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4.0 NANOOSE BAY

4.1 CHARACTERISTICS OF NANOOSE BAY SONAR CHANNEL

Figure 28 is a chart of the Nanoose 3-D tracking range. The tracking

area is shown formed by 11 hydrophones, each with an effective 1500

yard radius of coverage. The depth within the tracking area is 440 yards

and nearly constant throughout the entire area except for the region

covered by hydrophone -07. In this region there is a steep rise of 215

yards. Submarines operate within the tracking area during test operations

at depths of 20 yards minimum to 333 yards maximum. The communi-

cations system must maintain reliable communications with a submarine

operating anywhere with the tracking area at normal operating depths.

Communication projectors, as in Dabob Bay, will be placed on or near

--1 "the bottom so that their mounting structures are not a hazard to

submarines.

Bottom loss data for Nanoose range is shown in Table 2. Based upon this a

data, bottom loss coefficient of 13 db was selected for Nanoose for all

ray trace analysis. This value was selec:,a -4--r- it is worst case. As

in Dabob Bay, a surface loss coefficient of I db was selected for Nanoose.

Nine velocity profiles of Nanoose range were obtained by DODAS and are

shown in Figures 29 through 37. Each season of the year is represented

at least once by the sample of velocity profiles. Profiles N-1 through

N-8 are incomplete in that velocities are shown down to 800 feet rather

than to the 1320 foot bottom. However, based upon the following

observations, it is possible to project the velocity data to the bottom:

1. The salinity remains relatively constant below 500 feet for all

eight profiles.

Z. The temperature tends to either remain constant below 600 feet

or has a slight positive gradient up to . 003"C per foot.
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3. Velocity profile N-9 which has complete velocity data to the

bottom shows that the velocity gradient at the bottom is the

same as that at 600 to 800 feet.

4. Nanoose range has no fresh water inlets which tend to cause

unpredicable variations in temperature and salinity and thus

velocity.

For profiles N-i through N-8, velocity was determined to the bottom by

projecting the gradient that exists at 600 to 800 feet. Because all nine

profiles are similar in shape below a depth of 60 feet and have a constant

gradient extending from 600 to 13Z0 feet, it is possible to predict,

analytically, sonar coverage in Nanoose range.

4. Z ANALYSIS OF NANOOSE BAY VELOCITY PROFILES

Appendix A shows the approach used to predict sonar coverage based

upon a sample of velocity profiles. In this approach, a statistical analysis

was performed to determine the distribution function and density function

for the velocity gradient based upon the nine samples. Using the ray

refraction equations for a constant gradient outlined in Officer

(Reference 5), it was possible to dete-zinine coverage contours for

Nanoose for projectors located four yards from the bottom. Figure 38

shows the distribution functions for the zero degree ray crossing the

depths of 333 yards and 200 yards. Figure 39 shows contours of various

confidence levels based upon the distribution function. Receivers at a depth

of 333 yards (maximum operating depth) can expect direct ray coverage with

a 98% confidence level out to a range of 2600 yards. Coverage at depths less

than 333 yards up to 20 yards can be expected with a confidence level greater

than 981o. Most of the profiles show a large negative velocity gradient down

to about Z0 yards. This gradient results in a sharp refraction of rays down-

ward, creating a shadow zone near the surface. However, since the minimum

operating depth of the submarine is 20 yards, the reliability of communications

should not suffer due to this gradient.
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4.3 RESULTS OF RAY TRACE ANALYSIS FOR NANOOSE BAY

Because of the similarity of all profiles, it was necessary to perform a

ray trace analysis on only one profile to obtain clear time window

contours. Figure 40 shows the clear time window contours obtained for

profile N-4. At a depth of 333 yards, a clear time window of greater than

120 msec can be expected out to 2200 yards, and greater than 100 msec out

to 2800 yards. These clear time window contours were calculated as in

Dabob Bay, that is, the arrival time difference between a surface-bottom

reflected ray and a direct ray. As in the case of Dabob Bay, the multi-

path interference resulting from refracted ray to refracted ray, refracted

ray to direct ray and bottom reflected ray to direct ray are to be avoided

because of the short arrival time differences. Thus the same restrictions

must be imposed on the beam patterns of the projectors and receiving

hydrophones, that is, a hemispherical downward pattern for the hydrophones,

and a hemispherical upward pattern for the projectors. Based upon a

clear time window of 100 msec and a bit length of 1 msec, 100 bits per

message is possible. The message rate as in Dabob Bay will depend upon

the total reverberation decay time in the sonar channel. The time is

unknown at present but for analytical purposes is assumed to be around

one second. With the assumption of a one second reverberation time, a

data rate of 100 bits per second is possible in Nanoose Bay.

Figure 40 also shows a 15 db contour. This contour represents the

relative intensity between the direct ray and surface-bottom reflected

rays. For ranges greater than the contour,, the relative intensity is less

than 15 db. This contour shows that the strength of an interfering ray is

probably sufficient enough to cause garbling of a message if the message

is longer than the clear window time.

Because of the relatively flat bottom in the Nanoose tra.;iing area, and the

detailed depth information, placement of the projectors four yards from

the bottom bhould be possible in Nanoose Bay. Except for the steep rise

in the area of tracking hydrophone -07, multipath interference should

result only from the surface-bottom reflected rays, and the clear time

window contours shown in Figure 40 can be used to predict the clear time

windows in Nanoose.
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5.0 RESULTS AND CONCLUSIONS

5.1 RESULTS OF MULTIPATH INTERFERENCE PREDICTION STUDY
FOR DABOB AND NANOOSE SONAR CHANNELS

5. 1. 1 Dabob Bay

I Because of the characteristics of the velocity profiles, the

effective radius of interference free coverage per UQC projector

is 1250 yards to 1750 yards at a receiver depth of 300 feet

depending upon the depth of the projector and bottom slope. This

requires four or five projectors to effectively cover ',• same

area as is covered by the 3-D tracking hydrophones. Since the

bottom depth contours are not known in detail at the present time,

the exact number of the UQC projectors was not determined.

2. Clear time windows of greater than 40 msec can be expected for

a four or five projector system providing:

a. The beam patterns for the projectors are limited to a

hemisphere looking upward.

b. The beam patterns for the receive hydrophones are limited

to a hemisphere looking downward.

5.1.2 Nanoose Bay

1. Because of the characteristics of the velocity profiles, the

effective radius of interference free coverage per UQC projector

located four yards from the bottom is 2600 yards at a receiver

depth of 1000 feet. This requires five UQC projectors to cover the

3-D tracking range.

2. Clear time windows of greater than 100 rnsec can be expected for

a five projector system providing the beam patterns for the

projectors and receive hydrophones are limited as in Dabob Bay.
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5.2 CONCLUSIONS

5.2. 1 The existence of clear time windows of these magnitudes make a

communication technique feasible. In this technique, a projector nearest

* the submarine will be used to communicate a message of 40 msec length

jn Dabob Bay and 100 msec length in Nanoose Bay. The repetition rate of

messages will be determined by the reverberation decay times which are

unknown at the present time. However, an assumption of 600 msec for

Dabob Bay makes a data rate of 67 bits per second feasible. An

assumption of one ser7-dior Nanoose Bay makes a data rate of 100 bits

per second feasible.

5.2.2 Direct ray coverage and clear time windows in both Dabob Bay and

Nanoose Bay were predicted from a relatively small sample of velocity

profiles. More velocity profiles of both bays are needed in order to

make more accurate predictions. Also, in order to verify the predictions

it is recommended that tests be made in both bays to measure clear time

windows, effective coverage radius of projectors and reverberation decay

times.
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Table 1. Dabob Bay Bottom Loss'

GRAZING ANGLE BOTTOM LOSS

00 0-1 db

100 1-1.5 db

300 3-4 db

450 4-6 db

600 5-8 db

NOTE: This data is an excerpt from a Bolt, Beraner
and Newman, Inc. report. The title and date
of (he report are unknown.
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Table Z., Nanoose Bay Bottom Loss"

GRAZING ANGLE BOTTOM LOSS

100 14-15 db

300 15-16 db
450 12-13 db

600 15-16 db

NOTE: This data is an excerpt from a Bolt, Beraner
and Newman, Inc. report. The title and date
of the report are unknown.
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